Parental provisioning of offspring with physiological products occurs in many animals. 30
Introduction 47 ecology: while most poison frogs release tadpoles into large water bodies, nursing species place 71 tadpoles into small volume pools held by terrestrial plants. Thus, the evolution of nursing behavior 72 is associated with colonization of novel habitats where predation and competition are low, but 73 food is scarce [9] . Studies in dendrobatids have established that extended provisioning is costly 74 to mothers, but benefits offspring [9, 13] , and that tadpoles fed by their mothers carry alkaloids 75 [14, 15] . As poison frogs acquire alkaloids from a diet of leaf-litter arthropods to which tadpoles do 76 not have access, this suggests the transfer of chemical defenses from mothers to offspring may 77 be an additional advantage of egg-provisioning. 78
We tested the hypothesis that the convergent evolution of nursing behavior across South 79
American and Malagasy poison frog lineages facilitates transfer of chemical defenses to offspring 80 and relies on shared neural mechanisms. We collected field samples from the Little Devil poison 81 frog (Oophaga sylvatica) in Ecuador and the Climbing Mantella (Mantella laevigata) in 82
Madagascar (Figure 1 ). We first examined the transfer of alkaloids from mothers to tadpoles 83 across these two species that have convergently evolved acquired chemical defenses and 84 maternal care. We then compared neural activity between nursing and non-nursing females in 85 both species across several candidate brain regions involved in parental and social behavior 86 across vertebrates [16] . Finally, we examined activity specifically in oxytocin neurons in the 87 preoptic area, which are known to mediate maternal behavior and nursing in mammals [17] . 88
Taken together, our findings explore proximate neural mechanisms and ultimate ecological 89 outcomes of convergently evolved maternal egg-provisioning in South American and Malagasy 90 poison frogs. 91 and South American dendrobatids belong to different major frog clades that diverged roughly 140 93 million years ago. Mantella laevigata (left) and Oophaga sylvatica (right) and show striking 94 convergence in a number of traits, including alkaloid sequestration for chemical defense, 95 aposematic coloration, and maternal behavior in the form of egg provisioning to developing 96 tadpoles. Unlabeled branches of the tree are representatives of other anuran families; labeled 97 tree in Supplementary Materials. 98
Methods

99
Field sample collection 100
Oophaga sylvatica were collected at field sites near La Florida, Santo Domingo de los 101 Tsáchilas Province, Ecuador in April and May of 2016. These field sites include naturalistic 102 enclosures populated with O. sylvatica frogs that deposit tadpoles in artificial pools. We collected 103 control females from enclosures containing only females to ensure these frogs were non-maternal 104 at the time of capture. Mantella laevigata were collected on the island reserve of Nosy Mangabe, 105
Madagascar in November 2015 and July 2016. In Madagascar, frogs were free-roaming making 106 it difficult to control for maternal state. To minimize the likelihood that control females were 107 maternal, we collected controls in the dry season when there were limited pools for reproduction. 108 euthanized by rapid decapitation. Brains were removed and placed in 4% paraformaldehyde for 118 24 hours followed by storage in 1X phosphate buffered saline (1X PBS). The dorsal skin and 119 oocytes were stored in 1 mL of methanol in glass vials for later alkaloid analysis. Other frog tissues 120 were either preserved in 100% ethanol or RNAlater (Thermo Scientific, Waltham, MA, USA). In 121 addition to adult tissues, we collected skin from tadpoles and trophic eggs that were stored in 1 122 mL methanol in glass vials. We also collected water from tadpole pools and adjacent tadpole-free 123 pools. Muscle and skeletal tissue were deposited in the amphibian collections of Centro Jambatu 124 de Investigación y Conservación de Anfibios in Quito, Ecuador (O. sylvatica) and the Zoology and 125 each sample to serve as a standard. Samples were ground with the piston ten times in the 144 homogenizer before being transferred to a glass vial. The homogenizer was rinsed with an 145 additional 1 ml of methanol in order to collect all residual alkaloids, and this methanol was also 146 added to the final glass vial. Samples were stored at -20°C until further processing. Alkaloids from 147 water samples were extracted using Oasis HLB VAC RC 30 mg extraction cartridges (Waters 148 Corporation, Milford, Massachusetts, USA) on a vacuum manifold according to manufacturer 149 instructions, including washes of 5% methanol and elution with 100% methanol. To avoid clogging 150 the cartridges, debris were removed from water samples with a coarse sieve prior to processing. 151
Alkaloids were analyzed using liquid chromatography / tandem mass spectrometry (LC-152 MS/MS). Samples were run on a Thermo Q-Exactive Plus and a Phenomenex Gemini C18 3 μm 153 2.1 × 100 mm column (Torrance, CA, USA). Mobile phase A was composed of water with 0.1% 154 formic acid, and mobile phase B was composed of acetonitrile with 0.1 % formic acid. The flow 155 rate was 0.2 ml/ min. The gradient began with 0 % B for one min, then increased linearly to 100% 156 B at 15 min, and held until 18 min. The column was then re-equilibrated to initial conditions for 3 157 min before the next sample. Blanks were run at regular intervals to ensure no carry over. Compound, Electron Microscopy Sciences, Hatfield, PA, USA), and rapidly frozen on dry ice. 175
Brain samples were stored at -80° C until cryosectioning into four coronal series at 14µm. After 176 sectioning, slides were dried for 1-3 hours and stored at -80° C until further processing. 177
We performed a variety of antibody stains to assess levels of neural activity as well as the 178 overlap between active neurons and cell types of interest. We used an antibody for 179 phosphorylated ribosomes (Phospho-S6 Ribosomal Protein [Ser235/236] Antibody #2211, Cell 180
Signaling, Danvers, MA, USA) as a proxy of neural activation [18]. We followed standard 181 immunohistochemical procedures for 3',3'-diaminobenzadine (DAB) antibody staining. Briefly, we 182 quenched endogenous peroxidases in 30% sodium hydroxide solution, blocked slides in 5% 183 normal goat serum, and incubated slides in primary antibody (pS6, 1:500 in a 2% normal goat 184 serum solution with 0.3% Triton X-100) overnight at room temperature. The following day, slides 185 were incubated in secondary antibody for 2 hours, followed by avidin-biotin complex (ABC Kit; 186
We performed fluorescent co-labeling for pS6 and oxytocin on alternate sections of the 192 same brains used for the pS6 staining described above. We followed the same general 193 procedure, but incubated slides in a mix of primary antibodies for pS6 (1:500) and oxytocin 194 imaged on a Zeiss AxioZoom microscope (Zeiss, Oberkochen, Germany) connected to an ORCA-204 ER camera (Hamamatsu, San Jose, CA, USA). Fluorescent sections were imaged on a Leica 205 DM4B compound light microscope connected to a fluorescent light source. We quantified labeled 206 cells from photographs using FIJI image analysis software [46] . Cell number was counted in a 207 single hemisphere for each brain region in each section in which that region was visible. For pS6, 208 we measured the area of candidate brain regions and counted all labeled cells within a given 209 region. We quantified cell number in thirteen brain regions that modulate social decision-making 210 across vertebrates [16]: the nucleus accumbens (NAcc), the basolateral nucleus of the stria 211 terminalis (BST), the habenula (H), the lateral septum (LS), the magnocellular preoptic area 212 quantified cells only in the preoptic area (both aPOA and mPOA), as this is where oxytocin cell 217 bodies are concentrated in the amphibian brain. We counted oxytocin-positive cells, pS6 positive 218 cells, and the number of pS6-oxytocin co-labeled cells. 219 220
Statistical analysis 221
We analyzed differences in neural activation associated with egg provisioning behavior 222 using generalized linear mixed models. Behavioral group (nursing vs control), brain region, and 223 their interaction were included as main effects predicting the number of pS6 positive cells using 224 a negative binomial distribution appropriate for count data with unequal variances. Individual was 225 included as a random effect to control for the fact that multiple sections of the same brain region 226 and multiple brain regions were quantified for each frog. In addition, we included brain region area 227 as a covariate to control for body size differences between frogs, size differences between distinct 228 brain regions, and rostral to caudal size variation within single brain regions. We characterized 229 regional differences using Tukey post hoc comparisons adjusted for multiple hypothesis testing. 230
We tested for differences in the number and activity of oxytocin neurons using generalized 231 linear mixed models. To compare the number of neurons, we included behavioral group as a main 232 effect predicting the number of oxytocin neurons using a negative binomial distribution as before. 233
To analyze activity differences in oxytocin neurons, behavioral group predicted the proportion of 234 pS6 positive oxytocin neurons using a binomial distribution. All statistical analyses were 235 performed separately for each species using SAS Statistical Software v. 9.4; (SAS institute for 236
Advanced Analytics) and plots were made using the base package in R v. 3.5.0 (The R 237 Foundation for Statistical Computing). Raw cell counts are in the Supplemental Materials. 238 internal oocytes, trophic eggs, and tadpole water to those alkaloids present across all provisioning 240 females within each species (Supplemental Materials). For each tadpole, oocyte, and trophic egg 241 sample we calculated the proportion of alkaloids in common with the mother's skin sample. We 242 then averaged the percent overlap within each species; we are not able to directly compare across 243 species as sample sets were run on different columns. We visualized average percent overlap 244 across all samples using the plotrix v. 3.7-4 in R. We also calculated percent overlap in a pairwise 245 fashion for all tissues. Pairwise overlap was calculated using the proportion of alkaloids shared 246 between an individual tissue group pair to the total number of alkaloids across both tissues. We 247 visualized matrices of pairwise comparisons using the corr.plot v. 0.84 in R. 248
Finally, we also plotted variation in the level of single toxins. Toxin levels are measured 249 as the integrated area of the major adduct extracted ion chromatogram divided by the area of the 250 internal standard (D3 Nicotine). To make values comparable across species, we normalized these 251 values based on the lowest measurable sample for each species. We plotted log abundance 252 values to facilitate visualization across mothers, tadpoles, oocytes, trophic eggs, and water 253 samples which differ in toxin abundance by orders of magnitude. We note that we retained log of 254 zero values as zero because these are biologically meaningful despite being mathematically 255 undefined. We refer to normalized, log-transformed values simply as 'relative toxin abundance' 256 (Supplemental Materials). Boxplots were generated using the base package in R v. 3.5.0 (The R 257 Foundation for Statistical Computing). 258 individuals with highly variable toxin profiles, we restricted analyses to 32 putative alkaloids 264 shared across all nursing females in O. sylvatica and 72 putative alkaloids shared across all 265 nursing M. laevigata (Supplemental Materials). Many of these alkaloids were also detected in 266 tadpoles suggesting transfer from mothers to offspring (Figure 2a-b) . Maternal alkaloids were also 267 detected in internal oocytes, trophic eggs laid for tadpoles, and in tadpoles' water pools ( Figure  268 2a-b). Generally, mothers and tadpoles had the highest abundance of alkaloids, followed by the 269 oocytes (internal eggs) and trophic eggs fed to the tadpole (e.g. Figure 2c ). 270 To identify brain regions active during egg-provisioning behavior, we compared patterns 283 of neural activity between nursing mothers and non-nursing control females using an 284 immunohistochemical marker for phosphorylated ribosomes (pS6) that serves as a generalized 285 maker of neural activity [18] . We found brain region-specific differences in neural activity in 286 nursing versus non-nursing females in both O. sylvatica (group*region: F=7.71, p<0.0001) and M. 287 laevigata (group*region: F=3.46, p<0.0001). Two of the brain regions that showed nursing-specific 288 increases in neural activity were shared between species: the medial preoptic area (mPOA; O. The preoptic area of the hypothalamus is critical for parental behavior across vertebrates 312
[19] and the activation of preoptic area oxytocin neurons appears important for nursing behavior 313 in mammals [17, 20] . Behavioral and physiological differences between nursing behavior in 314 mammals and frogs notwithstanding, we examined a link between oxytocin signaling and nursing 315 in poison frogs. To quantify the fraction of oxytocin neurons active during nursing behavior, we 316 fluorescently co-labeled brain tissue for oxytocin and the pS6 marker of neural activity (Figure  317 4A). In O. sylvatica, the proportion of active oxytocin neurons decreased during nursing (F=18.77, 318 p<0.0001), while in M. laevigata the proportion of active oxytocin neurons increased during 319 nursing (F=15.55, p=0.0015) ( Figure 4B ). These opposite patterns were not a byproduct of 320 differences in oxytocin neuron number, as the total number of oxytocin neurons did not differ 321 between behavioral groups in either species ( Figure S1 ). 322 While we demonstrated the provisioning of tadpoles with chemical defenses, the 350 predominant mechanism of alkaloid transfer remains uncertain, as alkaloids could be transferred 351 via trophic eggs and/or released from the mother while she is in the water pool and subsequently 352 absorbed by tadpoles. We cannot distinguish between these possibilities at present as we found 353 alkaloids in both tadpole water pools and eggs. However, we have established that oocytes 354 contain alkaloids prior to deposition, highlighting the likely transfer via egg provisioning. The 355 presence of alkaloids in tadpole water pools is an interesting observation that may have 356 implications for tadpole survivorship, as tadpoles only develop granular glands for alkaloid storage 357 during metamorphosis [25] . A toxic water pool may defend pre-metamorphic larvae against 358 predators, competitors, and/or pathogens, though this remains to be tested. In addition to increased neural activity in shared regions, we observed species-specific 386 activity patterns in a number of other brain regions. These differences may be experimental and/or 387 biological in nature, and we emphasize that additional lab-based studies will be necessary to 388 distinguish alternatives. From an experimental perspective, a major difference between our South 389 American and Malagasy field sites was the existence of semi-naturalistic enclosures that allowed 390 us to control social groups in Ecuador but not Madagascar. We collected all non-nursing females 391 when they were alone and not in the immediate proximity of known breeding and tadpole 392 deposition sites. As pS6 activity peaks roughly 45 minutes following behavior, this allows us to 393 exclude the immediate effects of maternal or reproductive behavior, but not possible long-term 394 effects on neural circuit tuning and activity. 395
At a biological level, we note two key differences in the life history of O. sylvatica and M. 396 laevigata. First, breeding sites and tadpole deposition sites are distinct in O. sylvatica, whereas 397 tadpole deposition sites double as breeding sites in M. laevigata. Although we collected females 398 of both species only when they were alone, species level differences in the association between 399 nursing and breeding (i.e. interactions with males) could nonetheless lead to differences in neural 400 activity associated with these behaviors. Second, tadpoles in O. sylvatica are obligate egg-401 feeders that actively beg their mothers for meals by vibrating and nibbling along their legs and 402 abdomen, while M. laevigata tadpoles do not appear to exhibit any begging behavior. Thus, 403 species differences in neural activity patterns could be related to differences in interactions among 404 males and females and/or mothers and offspring. 405
Finally, we note that most of the regions in which we observed species-specific activity 406 patterns belong to the dopaminergic reward system. Homologies of the mesolimbic reward 407 system among vertebrates remain problematic, in particular in amphibians and fish in which data 408 suggest homologs of the mammalian system may be spread across a number of brain regions 409 Our work demonstrates that convergent nursing behavior in dendrobatid and mantellid 430 poison frog clades facilitates alkaloid provisioning in both clades, and relies on partially shared 431 brain regions but distinct cell types, suggesting that multiple mechanistic solutions may promote 432 vertebrate maternal behavior. While additional work is necessary, we emphasize the value of our 433 comparative design in identifying species level differences and thereby facilitating hypothesis 
